
MAGNETIC RARE EARTH COMPOUNDS 

CO 
I- 

S 

H«wl«ft-Pockorri Compcmy 

•KMANityAL TKNNICAL IWOiT 
»•f«Mb«r If 70 

di. 
  

D D C 
U      m   !   »Tl 

A*P »IvitUn 
i«t««r«h «iitf lfi§iii««riiif Olr«ct«r«t« 

U.S. Army MlttlU C*mM«ii4 
t«40t«ii« Ar0«ii«l# AI«k«M« 

i 

A i«t««rcli Pr«|««t •»•«""' *y »»• AOVWt«. 

t«t««rcli rr«i«ct Af^ncy» ••^•rtiiiwit •! •#f»iittti 

Wi«iktMat«ii. B.C., AIM •?#•? I#if 
NATJONATTECHNICAL 

«\ 



NOTICE 

"This research was sponsored by the Advanced Research Projects Agency 
of the Department of the Defense under ARPA Order 1627 and was monitored 
by the US Army Missile Command under Contract Number DAAH01-70-C-1106. 
Views and conclusions expressed herein are the primary responsibility 
of the author or the contractor and should not be interpreted as representing 
the official opinion or policy of USAMICOM, ARPA, DOD or any other 
agency of the Government. " 



TECHNICAL REQUIREMENT NO. 1335 
ARPA Order 1627 

MAGNETIC RARE EARTH COMPOUNDS 

SEMIANNUAL TECHNICAL REPORT 

December 1970 

HEWLETT-PACKARD 
COMPANY 

Palo Alto, California 
94304 

Contract No. DAAH01-70-C-1106 
Program Code No. OD10 

ARP Division 
Research and Engineering Directorate 

U. S. Army Missile Command 
Redstone Arsenal, Alabama 

A Research Project Sponsored by the Advanced 
Research Project Agency, Department of 

Defense, Washington, D.C., ARPA Order 1627 



TABLE OF CONTENTS 

Section 

1. ,0. 

2. ,0. 

2. 

2. 1. 

2. ,2. 

2. 3. 

2. 4. 

2. 4. 1. 

2. 2. 

2. 2. 1. 

2. 2. 1. 1. 

2. 2. 1. 2. 

2. 2. 2. 2. 

2. 2. 3. 

2. 2. 3. 1. 

2. 2. 3. 2. 

2. 2. 4. 

2. 2. 4. 1. 

2. 2. 4. 2. 

2. 2. 4. 3. 

INTRODUCTION 

CRYSTAL GROWTH 

General Considerations 

Discussion of Available Techniques 

Crystal Growth by the Seeded, Steady-State 
Solution Technique 

Seed or Substrate Selection 

Solvent Considerations 

Interface Stability Analysis 

Experimental Procedures 

Growth of Seed Crystals 

Procedure 

Seed Crystal Growth Results 

Preparation of Source Material 

Characterization oi the Ba0-B9O -BaF_ Solvent 

Liquidus Surface and Solubility of YFeO„ 
«3 

Density of the Solvent 

Steady-state Crystal Growth 

Apparatus 

Growth Procedure 

Results 

Page 

1 

8 

8 

10 

11 

13 

14 

19 

25 

25 

25 

27 

30 

31 

31 

34 

36 

36 

37 

40 



TABLE OF CONTENTS 

Section Page 

S.O.                CHARACTERIZATION AND EVALUATION 41 

Chemical Analyses 41 

Lattice Parameter Determinations 42 

Neel Temperature Determination 43 

Straight Magnetic Domain Wall Apparatus 45 

Generation and Observation of Bubbles 47 

Coercivity Measurements 47 

Mobility Mpasurements 50 

X-ray Topographic Studies 52 

PROCESS TECHNOLOGY 55 

Cutting and Surface Preparation 55 

Chemical Etching 57 

CONCLUSIONS 58 

FUTURE PLANS 61 

APPENDIA 63 

3. ,1. 

3, ,2. 

3. ,3. 

3. ,4. 

3. ,5. 

3. 5.1. 

3. 5.2. 

3. 6. 

4. 0. 

4. 1. 

4. 2. 

5. 0 

6. 0. 

7. 0. 

11 



LIST OF FIGURES 

Figure Page 

1. BaO-B0O_ Phase Diagram Depicting Stability Regions 

for Various Magnetic Materials. 17 

2. YFeO   Seed Crystals Grown from PbO-Based Solvent. 28 

3.     Possible Partial Liquidus Projection for BaO« BgO • BaF 

System, with a Ternary Eutectic at A. 

32 

4. Solubility Curve for YFeO   in 41 (mole) % BaO, 33 

41%B203, 18%BaF2. 

5. Schematic of Steady-State Crystal Growth System. 38 

6. Apparatus for Neel Temperature Determination. 44 

7. Straight Magnetic Domain Wall Apparatus. 46 

8. a.   Straight Magnetic Domain Wall in YFe03. 47 
b. Defect Interaction with Straight Magnetic Domain 47 

Wall in YFeO,. 

c. Void Interaction with Straight Magnetic Domain Wall in 47 
YFeO„. 

9. Serpentine Magnetic Domains in YFeO . 49 

10. Array of Cylindrical Magnetic Domains in YFeO 50 

Grown from BaO-B O -BaF   . 
Z       «3 £t 

11. a.   Optical Transmission Photograph of Portion of YFPO  Platelet. 55 

b.   Lang Topograph of Same Area as Figure 11a. 55 

12. a.   Laue Pattern of an as Grown YFeO   Crystal. 57 

b. Laue Pattern of Crystal after Cutting. 57 

c. Laue Pattern of Crystal after Polishing. 57 

iii 



LIST OF FIGURES 

Figure Pa^e 

13.   leü-YO-PbO System, Estimated Liquidus Projection 

and Isotherms. 

66 

14.   I'e00„-Y00,-PbO-PbF0- B O   System, Possible Liquidus 67 

Projection. 

IV 



LIST OK TA ULKS 

Table Page 

I, Coercive Forces Associated with Common Crystal Defects. 9 

II, Growth Parameters and Results for Transient Growth ^G 

Runs Used to Produce YFeO   Seed Crystals. 

III, Growth Parameters for Seeded, Steady-State Growth Runs 39 
of YFeOg. 

IV, Typical Impurity Levels Found in YFeO Samples Grown 41 
from PbO- and BaO-Based Solvents. 



I nHFNUmi) 

lins uitfiini «•■|uM-t üraiiilic* ihr work performed unür« 

..••itr.u t DWIiUt-TU-i -l lüii toi ihr AHI» Oivlalon, Research aitd 

liii;mt*»Min^ Dur« toc.iir.  I .S. Arniy Mututlr (^onimand, R^dtftonr 

Ntärual,  Mal iina,   during th*» |K»ricHl l Jum»   IWTO through 

.iO Noven.brr 1U70.   The monitor fur thu project was C. W. Hagood. 

Tho work wad prrformrd in lh^ Solid Stati» Laboratory of Hewlett- 

Packard Laboratonrd, und laia report wa« written by R.A. Burmeiater, 

T.L.   l<>lmU>p and R. Hiskes. 



.sUMMAHY 

A flt»»«ly-i*ta|r rr/«tji| imwih mfmtftn •utlJihl«» far lh<> trowtti of 

mi'gn^llc rar«» *mr%h compound» ha« lti**n *i*»ii:t*r4, •tmciniri^fi, 

and suc^aaAilly op«*raU»d.   Tin» »ytutm haa a nutuhrr «4 imporuai f^alun»«: 

a) II provtd^a a tli«>rmally «UbW» nyaul gmwth «^ivirtmn^ni, 

b) it provtdpa a nM»aiui (or readily moving Ih* a*»«»d rryalal lor a aubgtral» 

In lh<> raar of rpltasial gruwlh) in ard out of ihr •olutmn. «hirh prrvrnla 

freetlng the cryaial in ihr aolution upon cooling, c) 11 provida»» a larg<* 

solution aurtece i2^" diamrlrr) ao that grawth ran i»r prrformrd on Urge 

•ubatrates In the caar of vpltaxial growth, and d) it inrorporatra a ailrrlng 

machanlam which can rnaur» a homogcopoua aolution and rnhnnrr trana- 

port of crystal constitucnta to the growing crystal. 

A very atable aolvent« conslslli« of BaO-B Oj-BaF , has 

been developed.    This aolvent la nonvolatile and nonreactlve. and u well 

suited to the aolution growth of magnetic materials.    Its  unique 

qualities irske It psrticularly advantageoua for controlled rpitaxial 

growth of mixed orthoferrltes or gsrnets.   Charactrruation of this 

aolvent haa been Initiated, and the experimental solubilitv rurvr for 

YFeO, indicatea that 30 molar percent will dlaaotvr st a lypicsl crystsl 

growth tempersture of 1300*C. 



Extensive characterization ätudies of the YFeO„ crystals grown 

in the steady-state unit are in progress.   Equipment built for these studies 

includes apparatus tor observing straight domain walls and the interaction 

of defects with these domain walls, as well as apparatus for generating and 

moving bubble domains.   Arrays of bubbles have been generated in YFeO_ 
ö 

grown in the BaO-B_0 -BaF- solvent, and the coercivity and mobility of 

crystals grown from this solvent have been measured and found comparable 

to the best values for crystals grown in the PbO-based solvents. 

Emission spectrographic analysis indicates that YFeO. crystals 

grown in the BaO-based solvent contain only trace amounts of boron and 

.»0.08 wt.% barium, which is lower than the 'alue of 0.29wt. % Pb reported 

for YFeO   in the PbO based solvent. <40) 

Lang topographic studies have revealed defects in YFeO. which 

cannot be seen optically, and this technique is proving to be a very useful 

characterization tool. 



1.0. INTRODUCTION 

Since magnetic bubble domains have become potential 

candidates for efficient information storage as described by Bobeck      in 

1967, they have generated a great deal of technological interest, primarily 

9 
because of the capability they offer for high storage density (up to 10    bits 

per cubic inch of memory).   Additional features of this technology include 

the ability to perform logic and memory in the same material,  low power 

requirements and   nonvolatility.    The bright promise of the bubble domain, 

however,  is tempered by the very demanding materials requirements for 

practical devices.   Some of the stringent requirements for usable material 

include: 

1. thin single crystal platelets with the easy axis 

of magnetization perpendicular to the surface 

of the platelet; 

2. very low defect density over large areas of the 

platelet, since nearly all the common defects of 

crystals severely restrict domain wall motion; 

3. domains  generated in such materials must be 

small enough to allow high storage densities,  yet 

large enough to be detectable (1/i < diameter < 75f« ), 

they must be mobile, and the magnetic properties 

of the material must be temperature insensitive 

to operating temperature; 



At present there are three classes of magnetic materials in 

which cylindrical magnetic domains have been observed: 

1. hexagonal ferrites, 

2. rare earth orthoferrites, 

3. mixed rare earth garnets. 

The hexagonal ferrites, such as PbFpi20ig hav'' disappointingly 

(2) 
low intrinsic bubble mobilities      and are not of practical interest at present. 

The orthoferrites,  in general, have bubble diameters that are somewhat large 

(~25-75/a ) for efficient device use, but have the highest mobilities.   The recently 

(3) reported uniaxial garnets      have bubble diameters and mobilities in the right 

range, but the origin of their uniaxiality is not yet known, and is probably not 

an intrinsic property of the crystal. 

In the past, a great deal of research in the area of the growth 

and characterization of magnetic rare earth compounds has been built 

upon an art-based technology.    For example, most crystal growth 

processes used for these materials are based on a molten salt slow- 

cooling solution growth technique using a PbO-based solvent developed 

(4) nearly two decades ago by Remeika.        In spite of numerous disadvantages 



of the PbO-based solvent and the slow cooling technique itself, many 

investigators continue to utilize this combination for the growth of rare 

earth compounds, and although minor refinements have been added, there 

have been very few innovations in materials preparation (with a few notable 

,.      v  (5-13) exceptions). 

As materials requirements bpcome more stringent, the conventional 

growth techniques become inadequate, sincp they arp essentially uncontrolled 

and generally produce poly crystalline growth with poor crystalline quality. 

Frequently only very small portions of crystals are suitable for device studios. 

Also, some of the mixed garnets being considered for bubble devices 

contain up to six different metallic cations,  which somehow must be 

distributed uniformly over large regions of the crystal.    The amount of 

incorporation of each cation depends upon the ratio of its concentration 

in a saturated liquid in thermodynamic equilibrium with the solid garnet. 

The ratio of the concentration in the liquid to that in the solid is termed 

X / its distribution coefficient (K   =    s Xf ^  which quite often is a com- 

plicated function of temperature.   Since a homogeneous crystal requires 

the distribution coefficients of each of the constituent cations to remain 

constant with time,    it is obvious that a slow cooling procedure must 

inevitably produce inhomogeneties, which indeed have been detected by many 

investigators.        * 



It is clear from thp discusion above that materials problems are 

the major limitation to the practical utilization of bubble devices.   In view 

of the technological importance of these devices and the key role of magnetic 

rare earth compounds, this program was undertaken in an effort to advance the 

state of the art in the science and technology of these materials.   The specific 

objpctives of this program include the following: 

1. Development of practical techniques for the growth of single 

crystals of rare earth compounds having properties suitable 

for studies and utilization of magnetic domain wall phenomena 

("bubble" motion). 

2. Acquisition of the necessary data to better characterize and 

quantitatively describe both the crystal growth process and 

the salient physical and chemical properties of the crystals 

produced. 

3. Determination of the relationships between methods and par- 

ameters of the crystal growth process and the relevant physical 

properties of the crystals thus grown. 



To datp, efforts havp centered on thp first two objectives.   Techniques 

have been developed for the growth of high quality YFeO   crystals which are 
ö 

generally applicable to any class of "bubble" materials.   Those crystals arp 

being characterized in an effort to understand interrelationships between their 

magnetic and other physical properties.   The groundwork has thus been laid 

for correlation between growth parameters and the relevant physical properties 

of the crystals, which will allow optimization of preparative techniques for 

these crystals. 

The choice of material for the development and characterization 

of the growth process was somewhat arbitrary since the solution growth of 

both orthoferrites and garnets is similar, and it is not yet clear which 

particular material is best suited for ultimate device application,   YFeO- 

was chosen as the initial material to be studied in this program, since 

it is similar in many respects to the balance of the rare earth orthoferrites 

and thus can be considered typical.   Furthermore, it is probably the best 

characterized "bubble" material currently available.   For example, it has 

been shown that YFeO. exhibits an exceptionally high domain wall mobility 

(intrinsic mobility rather than the defect limited mobility generally observed 



3+ in all othor crthoforritps).   Also, the Y      ion has no magnetic moment, and 

hence, thr problem of soparating the effects of impurity substitutions or 

3+ 
other point imperfections on the Fe      sublattice are simplified.   The only 

significant disadvantage of YFeO   is the relatively large bubble diameter 

(~ 100Mm). 

In this program we have investigated the use of steady-state solution 

growth techniques, in which the crystal grows, usually on a seed, at a 

constant (time invariant) temperature*    nourished by a source of material 

in a different (hotter) region of the melt.   Material is thus continually 

transported down the temperature gradient to the growing interface.   This 

technique obviates the homogeneity problems found in the transient (slow-cool) 

techniques,  and provides the best means for reliable control of the parameters 

which enhance crystal quality and morphology.   Liquid epitaxial growth may be 

regarded as a sub-class of seeded solution growth, but has not generally been 

applied to this class of materials for several reasons, most notably the 

lack of a suitable substrate and the unavailability of a stable, nonvolatile, 

nonreactive solvent.   Recently, a few suitable substrates have been found, 

such as Gd Ga O.» for the growth of Y3Fe50i2* and YA103 tor the growth 



of YFeO-.and successful liquid epitaxial growth has been reported by several 

investigators) * However, none of these studies used steady-state 

techniques. 

The generality and applicability of results obtained in this program 

to other bubble material will become apparent in the following sections. 



2.0. CRYSTAL GROWTH 

2.1. General Considerations 

There are several general requirements which must be fulfilled 

in crystal growth of magnetic rare earth compounds to be able to use 

them effectively in "bubble" devices.   The first of these is the exceptionally 

high degree of crystalline perfection which must be obtained.   The need 

for this is illustrated by the coercive force associated with various common 

(16) 
crystal defects listed in Table I. A second stringent requirement is 

that relatively large areas (1 cm x 1 cm or larger) of highly perfect 

material are required to store a useful amount of data.   A third 

requirement is that the crystals must be relatively thin (5-100 /«m) 

to maintain stable cylindrical domains. Another requirement is 

that the material must be oriented with the easy axis of magnetization 

perpendicular to the plane of the crystal platelet.   A fifth requirement 

is homogeneity of composition and magnetic properties of the 

crystal, the latter being strongly dependent on the first.   An additional 

requirement is that the crystals produced should contain a minimum of 

strain and/or foreign impurities.   Strain in these crystals leads to high 

coercivities,and foreign impurities to variations in the magnetic properties. 

Finally, the process used to grow magnetic rare earth materials should be 

easily controllable and reproducible.   This requirement is of utmost impor- 

tance with regard   to the development of routine production capability. 



TABLE I 
Coercive Forces Associated with Common Crystal Defects. 

DEFECTS COERCIVE FORCE 

110 Twin Planes 1000 Oe 

2 
Grain Boundaries(e i 0.1°) 100 6   Oe 

Scratches and Etch Pits 1 - 10 Oe 

Inclusions and Voids 1 - 50 Oe 

Growth Plane Intersection 1 - 50 Oe 

Dislocations ~ 1 Oe 

Growth Striations 0 - 50 Oe 

(from Reference 16) 



2.1.1.       Discussion of Available Techniques 

Methods used to grow magnetic rare earth crystals in the past 

have included conventional flux growth techniques., hydrothermal solution 
/o\ (13) ii2) 

growth,       Bridgman growth, the floating zone technique, a 

modified Czochralski technique using a solution rather than the congruent 

(7) (10) mMt,       and chemical vapor phasr» deposition. However, there are 

limitations associated with each of these methods. 

The operating temperature of the chemical vapor deposition process 

is rigidly   dictated by the thermodynamics of the chemical reactions involveo» 

which generally occur over a very limited range of temperatures.   This 

very narrow   temperature regime makes it difficult to control the composition 

of mixed rare earth orthoferrites and garnets, and it in fortuitous if the 

operating temperature coincides with the optimum growth temperature. 

The principal difficulties associated with the growth of magnetic 

(8) rare earth materials by the hydrothermal method are (a) the low growth rate 

which makes it too slow for the practical growth of bulk crystals, (b) the requirement 

for elaborate equipment, and (c) incorporation of hydroxyl ions by the crystal. 

Neither the Bridgman nor the floating zone techniques can be used 

to grow iron garnet crystals because they are incongruently melting.      *18^ 

The orthoferrites are congruently melting, but the melting points are very 

high U 1G700C for YFeOg), creating apparatus requirements that are difficult 

10 



to rtllably maintain for any approciahl« length of tun», and in addition, a high 

osgrgen proaaur« (> 1 atm) la raqulred.   Anothar llmiutlon for lha Brldgman 

tachnlqua ia that for aacn cryatal growth run, thr platinum cruclbla uaad to 

contain tha growth malt muat ba aacrlflcad. 

Tha bulk of tha magnatlc rare earth cryatala grown to data have 

bean grown by a random nucleatlon, alowccolrd(iranalenO, PbO>baaed «olution 

tachnlqua.    ' Thara ara aav<»ral problama aaaoctated with thla method 

which ralata to the nature of the aotvent, the lack of control of nucleatloo, 

and tha fact that the cryatal growth occura over a wide range of lemperaturea 

(uauaily > 200*C) during the cooling.   Tlwae dlaadvantagea will be dlacuaa«»d 

further in Section 2.1.4. 

TaChniquci have bean developed for the a^utloo growth of rare 

earth garnata which aolve problama inherem in the randomly nucleated growth 
19) (19) 

proceaa.   For example», Bennett    and Tolkadorf       dracrlbr th#» cryatal growth of 

YIO on a aaad attached to a platinum crucible which la capable of being 

rotated to remove the seed from the melt.   Thia cryatal growth technique la 

efficient becauae it avoida the mai^y amall cryatala grown by the random 

nucleation t^chniqu«», and p<»rmlta the ua*» of on«» melt for many cryatal 

growth runa.   Th* ae«led at^ady-atate technique h«a many auperior featurf»a 

which will be diacusaed In greater detail in the following auction. 

3.1.2.       Cryatal Growth by the Seeded Steady-Sute Solution T<fchnique 

To circumvent the problama Inherent in methoda generally uaad 

previoualy in cryatal growth of rare earth orthoferrltpa and garneta, we have 

11 



utilized the seeded steady-atate solution technique in this program.   This 

technique has not been investigated in detail by others, except as noted 

above.   The steady-state solution technique is, in essence, growth in a 

thermal gradient.   The growth occurs at constant temperature on a seed 

crystal held in a cool portion of a solution which is saturated by a source of 

crystal constituents in a hot zone of the same solution. 

Probably the most important, advantage of solution growth is that 

it allows one to select the temperature best suited to the phase equilibria 

of any particular type of material, thus avoiding problems of the type 

encountered in the P» idgman and floating zone technique described in Section 2.1.1, 

Magnetic rare earth materials can be grown by the steady-state solution technique 

at temperatures of   850-1300oC with conditions at the higher end of the range 

being the better suited for crystal growth, for serveral reasons.   The viscosity 

of the solvent is much lower, thus promoting transport of material to the 

crystal: the kinetics of crystal growth are much faster than at lower temperatures, 

increasing the growth rate, and due to the slope of the liquidus, the solution is 

more enriched in crystal constituents at the higher temperature than at the 

lower temperatures, thus requiring less transport of material (less solute 

mater1 J1 has to be rejected) through the crystal-liquid interfacial region during 

growth. 

A second distinct advantage of seeded steady-state solution growth 

is that it provides an effective way to homogeneously mix cations in the 

crystal lattice«which is essential for growing high quality solid solutions. 

12 



A third important advantage of seeded steady-state growth is that 

it can readily be used to grow magnetic materials epitaxially on a nonmagnetic 

substrate material.   This eliminates many problems associated with the 

bulk growth of crystals as discussed in Section 2.1.1.,  including a number of 

lengthy processing steps, and would providp a means of handling and 

supporting these materials as very thin layers,which is the form in which 

they will be used in device application. 

In addition to these advantages, the use of a seed or substrate in 

combination with steady-state growth permits the control of nucleation in 

the solvent, thus reducing any tendency to dendritic growth.   This is a serious 

problem in transient growth, and leads to crystals containing a large 

number of solvent inclusions.    Seeded growth also provides for control 

of orientation, making it possible to reproducibly grow crystals with the easy 

axis of magnetization parallel to the direction of crystal growth, thus elimi- 

nating the growth of material which cannot be used.   The use of a seed also 

provides a means of growing large crystals in relatively small systems 

compared to some used in the transient or slow-cooling technique. 

Stc »dy-state solution growth is a relatively simple technique, and 

therefore, is easily and reliably controlled.   A number of reports of garnet 

(9 21-27) and other iron containing crystals grown by this method attest to this.    ' 

2.1.3.       Seed or Substrate Selection 

There are several considerations in selecting seed or substrate 

materials to be used in the steady-state growth of this class of materials. 

To permit epitaxial growth of thp magnetic material on thp substrate, the lattice 

13 



parametf rs of the two materials must be nearly the same, and to prevent the 

separatio'i of the new growth from the seed on cooling, the coefficients of 

thermal expansion must be similar.     In addition,   lattice parameters 

and coefficients of thermal expansion of the substrate must be matched to 

those of the magnetic material to prevent the creation of lattice strain 

which would produce a high coercivity in the mfiterial.   For application 

considerations, the seed should have a large cross-sectional area since this 

is a limiting factor in the amount of information that can be stored.   The seed 

should also be nonmagnetic to allow free bubble movement and it is desirable 

(but not necessary) that it be transparent so that the Faraday technique can 

be used to detect the location of bubbles in the material.     YAIO- is a possible 

substrate for YFeO-, since it meets some of the above requirements and is 

available in large area single crystal form. 

2.1.4.       Solvent Considerations 

L   (15# 28-30)    . ..     . A review of a number of reports of growth of mag- 

natic rare earth materials by transient PbO-based solvent techniques 

£ s well as prior experimental work of our own, indicates that this solvent has 

a number of inherent disadvantages.   They are: 

a.   the solvent is very corrosive toward the crucible material 

(platinum) at growth temperatures; 

14 



b. the solution is fairly volatile, and thus the composition and the 

surface level of the liquid change throughout the crystal 

growth unless a sealed system is employed.   Also, in epitaxial 

growth processes, the substrate may be damaged before the 

epitaxial growth begins, as a result of the vapor transport of 

PbO to the substrate surface; 

c. in addition to thp orthofprritps or garnpts,  largp 

quantities of other phases crystallize out, thus consuming 

source material for the magnetic materials; and 

d. the solvent is more dense than the magnetic r  Serial, 

making seeded stpady-state growth difficult. 

The problems associated with the PbO-based solvent may be 

( 5) largely circumvented by use of the BaO-B-CL solvent system.        The 

advantages of this system are numerous.   First, there is no corrosive 

attack on the crucible material (platinum) by the solvent, which permits 

(a)   very long growth runs to be carried out, (b)   several runs to be carried 

out using the same solution, and (c) minimization of the amount of platinum in 

solution which might be incorporated by the crystal.   A second advantage 

of the BaO-based solvent is that loss by vaporization is negligible. 

This is important for epitaxial growth,   since it allows growth 

without a change in the liquid level.   The third advantage is  its 

high solubility for YFeOQ, which means that during crystal growth the ratio 

15 



of the concentration of the crystal constituent in the liquid to that in the 

solid is high and, therefore, growth conditions are highly favorable. 

(31) Another advantage of the BaO-based flux is its low viscosity which 

allows easier transport of crystal constituents from source to crystal.   An 

additional advantage is that the solution is less dense than the crystal, and 

thus the source material rests on the bottom of the crucible where it cannot 

interfere with the growth of the crystal.   This is an important asset for 

epitaxial growth. 

An analysis of the lead-based solvents is given in the Appendix, 

but here we direct our attention to the more interesting BaO-based solvents. 

The solvent power in this system arises from the combination of an ionic 

(5) liquid,  such as BaO,  with a network liquid like B.O~.    Linares      found 

that upon slow cooling solutions of YIG-BaO-B20„, the iron content of the 

stable precipitating phase increased as the ratio B-0_/BaO increased; and 

that as the amount of B.O» increased from 25-50 mole %, the stable 

phase varied from YFeO   - Yo^eOio - Ba0, 6Fe203 "* Fe203 ^8ee ^K111,6 1^ 

Apparently, the Y     enters the network structure of the borate more 

3+ readily than the Fe    , which, because it is excluded, is more readily 

(32) 
available to the growing crystal. As the liquid, then, becomes less 

3+ 
ionic, its dissolving power for Fe     becomes weaker, hence the amount of 

3+ Fe     in the growing phase   is greater.   Because of this tendency of the 

solvent to preferentially dit 3olve one crystal constituent over another (in 

16 
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2+ 3+ 
this case the addition of Ra     causes Fe     to be dissolved preferentially to 

3+ Y    ), it is desirable to be able to tailor the properties of the solvent to fit 

the crystal to be grown in it.   This binary solvent was ideal for the growth 

of Y1G, since it is most stable at the low melting eutectic at 39. 5% B00Q. 

(22  31) 
Several investigators have used the solvent since it was first discovered,      * 

but there have been no recent reports of its use. 

Although YFeO„ could be grown from the eutectic BaO-B00Q 

mixture by adding enough Y„0„ and Fe„0_ to make an equimolar mixture, 

the solution would then be (during growth) saturated in Y.O» but unsatu rated 

in Fe O-, which would make the theoretical yield as well as the velocity of 

growth less than optimum, and would be deleterious to mass transport in 

the solution. 

In light of these considerations, it was decided to examine possible 

additions to the BaO-B.O» solvent which would make it more amenable to 

the crystal growth of YFeCL.   One such addition is BaF., which allows the 

ionic character and melting range of the solvent to be shifted to more 

desirable values, and also appears to decrease the viscosity of the solvent. 

It is particularly advantageous to provide F   in the melt because it has been 

(33) noted that PbF, added to the PbO-based melts enhances the growth 

4+ of large single crystals,   possibly by   suppressing the formation of Fe 

4+ 2+ 3+ 
in the crystal.   Fe     is formed when Pb     replaces Y     accompanied by a 

3+ 4+        - 
change in valence of Fe     to Fe    .   F   provides the necessary charge 
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2- 
compensation by replacing O    .   ^^o ^as a very ^ow vaPor pressure at 

(34) crystal growth temperatures $ and    therefore,  the stability of 

the solvent is unimpaired.   An expeiimental program has been initiated 

to characterize the BaO-B20„-BaF2 ternary system in order to determine 

the optimum regions for crystal growth. 

BaO-B_0„-BaF2 is not the only stable solvent system that can 

be used.   Linares       pointed out a number of possible substitutions for 

BaO and B20„; and alternatives to BaF2 which are presently being examined 

are the other barium halides,   such  as BaCl,, BaBr. or BaL.   Cl' , Br' , 

and I     are all much larger than F     and should not be as likely to substitute 
2- 

forO    in the YFeO„ lattice.   Thermodynamic data for these compounds 

suggest that they should all be stable at crystal growth temperatures. 

2.1.4.1.   Interface Stability Analysis 

It is appropriate at this point to consider the maximum rate of 

growth that one may expect in crystals grown from this solution while still 

maintaining the integrity and quality of the product.   It is well established 

that the cores of solution-grown orthoferrites and garnets often contain 

inclusions and growth faults     * wmch are indicative of dendritic growth 

caused by an excessive growth velocity.   A high quality single crystal, 

free from inclusions and inhomogeneities, requires a stable planar interface 

during growth.   An estimate of the maximum velocity beyond which a planar 

interface will break down into a cellular interface can be obtained by a 
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(35)u constitutional supercooling analysis.   Tiller       has shown that the 

critical velocity for a multicomponent solution is given by 

where 

max 
9TL        i i     x 

—=^ (k     - 1) Xl(0) 
ax1    0 

i    =    crystal components   ^Y203 and Fe203^ 

(1) 

TL   s liquidus temperature 

G.    »   temperature gradient in the liquid at the interface 
Li 

O 

,1 

distribution coefficient for component i 

liquid diffusion coefficient for component 1 

X (0)   =   interface concentration of component i. 

The distribution coefficient is given by 
n 
V x.w. 

o                  L     3   J i 
.   i   _    ^compd.    j=l    liquid     X compd. 
0 liquid       ^    xw xHiquld 

^1      ^   ^    compd. 

(2) 

where        p  =   density 

X   =  mole fraction 

W   =   molecular weight. 
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In Equation 1 , it is assumed that 

(1) there is no convection in the liquid so that all mass transport 

takes place by diffusion, 

(2) interface attachment kinetics are infinite, 

(3) interfacial energy is zero, and 

(4) temperature gradient in the solid is equal to that in the liquid. 

Both surface energy (y > 0) and interface attachment (^ < oc) effects resist 

interface breakdown, so that the maximum allowable velocity is increased 

by amounts AV   and AV .   Convection reduces the critical velocity as does 
y M 

a reduced temperature gradient in the solid (one would expect G   ^ 0 for s 

an optically transparent material like YFeO„).   The critical velocity is 

given by 

VC < Vmax C' + ^VT + AVC + AVy + *Vu <=" 

CSC where        V *   *   'is calculated from Equation 1, max 

AV    < 0 results from thermal effects, 

AV    < 0 results from convection in the liquid, 

AV   > 0 is a surface energy effect, and 

AV   > 0 is an interface kinetic effect. 

Each of these effects may be large, but they tend to cancel each other, 

and there is no data available to evaluate them.   Only an estimate, then, of 

the allowable interface velocity is obtainable from Equation 1. 
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In order to calculate V       , the system parameters must be 

calculated or estimated.   G. , the temperature gradient in the liquid,is chosen 

to be 1.80C/cm in the steady-statf» growth situation (a typical experimental 

value).   The magnitude of the diffusion coefficients of components in the 

solution can be estimated from viscosity data with the aid of the Stokes- 

Einstein Relation 

D   =   KT/6irTjr. (4) 

where        K   =  Boltzmann's constant 

T   =  temperature (•K) 

TJ   =   viscosity 

r   =  ionic radius. 

(36) 
Oliver      has measured viscosities in PbO-based solvents and has fit the 

data to an equation of the form 

A  E/RT 
T?  = Ae . (5) 

where, for a PbO-48 mole % PbF, solution 

This relation is strictly valid only when ions of the diffusing species are 
much larger than those of the solvent, but it will provide a useful estimation 
here. 
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A   •   0.0026 i 0.0000ft. 

B   -   S.4 1 1.1 

-5      2 This leads to D ~ 10    cm /sec at 130(f C, • vslu« slinlUr to most msUl 

systems.   Since the viscosity of the Ba()-based solvents Is less than that of 
(31) 

the FbO-baaed solvent used In the calculations,       this value of D repre- 

sents s lower limit for the diffusion coefficients of crystal components in 

this solvent.   The slope rf the liquidus surfsce Is st a minimum along the 

YFeO,-solvent join if this is a quasi-binary system, the maximum component 

of the slope being along thia Join (the slope is tero perpendicular to this 

Join).   Since velocity is maximised by minimising the liquidus slope, it is 

advantageous to grow crystals along the Join.   Th* slope of this line for th#» 

solvent composition used in the steady state growth experiment haa been 

obtained experimentally and found to be m,    •  810*C/mole fraction at 

1S00*C.   The components of the liquidus slopes in the direction of the crystal 

components will therefore be in the range 0 <  Idf./d* I < 810*C/mo!e 

fraction, and for convenience we choose Idf./dX|  ■  400*C/mole fraction 

(only the order of magnitude is important for this calculation).   The dsnsity 

of the compound is ft. 67 gm/cc, and the density of the liquid has been found 

to be 4.75 gm/cc.   At lS0(rc (the interface temperature),the interface 

concentration is given by the equilibrium concentration of saturated liquid 

(XYFsO    a   0*3  mo19 frAcUon) divided by the distribution coefficient in 

Bquation 2. 
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For growth of YFeO. from a typical BaO-based solvent containing 

equi-molar amounts of Fe.O   and Y.O-. the distribution coefficients become 

(from Equation 2) 

ko
l   =   3.98 i   =   Y203. Fe^ . 

,7 
and the maximum velocity calculated from Equation 1 is V - 3.28 X 10 

cm/sec.   To avoid constitutional supercooling leading to interface break- 

down and a dendritic mode of growth, the steady-state growth experiment 

should therefore be designed for a growth velocity of  ~ 10     cm/sec. 

This velocity is several orders of magnitude lower than the 

maximum allowable velocity in growth from a pure melt, but is comparable 

to values computed by Tiller for solution growth of several classes of 

-6 -10 semiconductors from a binary solution (which range from 10     to 10       cm/sec). 

It should be noted that V        increases strongly as the growth temperature 

increases; and hence it is advantageous from this point of view to have 

the interface temperature as high as possible, commensurate with apparatus 

capabilities and oth*»r rpqairements. 
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2.2. Experimental 

2.2.1.       Growth of Seed Crystals 

2.2.1.1.   Procedure 

The method of growth of seed crystals required for the steady- 

(28) 
state solution growth was similar to that outlined by Wanklyn. This 

method was chosen because it was easy to implpmpnt, it gave reproducible 

results, and the crystals were adequate in size for use as seeds.   The 

materials used were from various suppliers and have the following purity 

levels:   YgO« - 99.9999%; BgO, and Fe Og - 99. 999%; PbO and PbFg - 

99.99%.   The starting materials were weighed to give mixtures with 

the composition shown in Tablelland were thoroughly mixed.   The mixtures 

were loaded into platinum crucibles which were loosely covered and set 

into a muffle furnace. 

The source materials, Fe_0_ and Y20„, were dissolved at the 

soak temperature and the temperature was lowered at a constant, slow rate 

to the final temperature indicated in Table II. A slow stream of air was 

continuously pumped into the muffle to maintain an appreciable oxygen 

pressure and to remove PbO and PbF_ vapors from the interior of the 

furnace since thej attack the alumina lining.   At the final temperature, the 

crucibles were quickly removed from the furnace, tipped to pour the solvent 

out and replaced in the furnace.   The temperature of the furnace was then 
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lowered (much faster than during crystal growth) to approximately 400oC 

where the crystals could be removed without cracking from thermal shock. 

The solvent still adhering to the crystals was removed bv dissolving it in 

20% HNOQ.   In each run a considerable amount of YOF was formed. 

2.2.1.2.   Seed Crystal Growth Results 

Typical crystals grown by this technique are shown in Figure 2. 

The conditions and results are summarized in Table II. 

Thp low yip Id of YFeO   in No. 8, compared to Nos. 7 and 11, 
ö 

arises from the fact that this run was terminated at a much highpr temperature 

than the others. 

The formation of YOF in runs similar to these has been experienced 

(28,37) 
by others. The YOF is the first phase to crystallize from the 

solution as is indicated by the fact that it forms a crust at the surface of the 

solution and the magnetic crystals are found adhering to this crust.   This 

formation is both an advantage and a disadvantage in the growth of YFeOQ. 

It helps in that it provides a nucleation site for the YFeO-.   Thus the amount 

of super saturation is low when the YFeOQ starts to grow and the tendency 

to dendritic growth is less; but on the other hand, a number of these sites 

are created leading to a large number of rather small crystals. 
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Figure 2.   YFeOg Seed Crystals Grown from PbO-Based Solvent. 
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Another disadvantage in the formation of YOF is that it leads, 

indirectly, to the formation of YIG (Y3Fe50i2^ rather than YFeO,.   This 

can be explained by means of a set of competing chemical reactions. ^ 

1. Y203   +   PbF2   «i  2 YOF   +   PbO. 

2. 3 Y203   +   5 Fe^   t  2Y3Fe5012 , and 

3. Y203   +  Fe203   #  2YFe03 . 

The formation of YOF in reaction 1 depletes the yttrium content in the 

solution.   In the instance where this lowers the ratio Y/Fe (which was initially 

1.21) to a sufficiently low value, reaction 2 becomes favored over reaction 3 

and YIG is formed rather than YFeO„.   Another factor which contributes 

at least partially to this indirect formation of YIG is the concentration of 

PbF- in reaction 1.   In cases where the weight loss, which is primarily 

(29) 
due to loss of PbF ,        is proportionately small, a higher PbF« concentra- 

tion results; and the tendency toward YIG formation appears to be higher. 

As depicted in Figure 2, the typical YFeO» crystal grown by this 

method is nearly cubic, measuring 3-4 mm on a side and is quite suitable 

for use as a seed crystal.   There are, however, a number of voids and 

inclusions in these crystals which limit the areas suitable for device 

applications to dimensions of approximately 3 mm X 3 mm.   These crystal 

*li could best be explained by using a quaternary phase diagram, but the 
data necessary to construct such a diagram has not been completely deter- 
mined.   The explanation given above is only a qualitative one since there are 
a number of factors involved in fixing the ratio Y/F which are difficult to 
describe and measure. 
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defects are the direct rpsult of dendritic growth which is brought on by 

supercooling the solution. 

2.2.2.        Preparation of Source Material 

The materials used for this were Y_0„ and Fe20„ powders described 

in the previous section.   The powders were weighed out to give an eqai- 

molar mixturp of thp compounds and thoroughly mixed by grinding them together 

in an agate mortar.   The mixed powders were pressed into a pellet die 

3/8" in diameter.   The pressed pellets, contained by an alumina boat, 

were then sintered at 12250C for 20 hours in air, reground, repelleted 

and fired again at ISOO'C for 48 hours.       X- ray powder diffraction analysis 

indicated that all but approximately 5% of the starting materials had reacted 

to form YFeO .   An emission spectrographic analysis showed the pellets 
ö 

to contain less than 50 ppm impurities.   The density was 53% of the theo- 

retical density for YFeO.,. 
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2.2,3.       Characterization of the BaO-B203-BaF„ Solvent 

2.2.3.1.   Liquidus Surface and Solubility of YFeQ 

As BaF   is added to the eutectic mixture of BaO-39 5 mole % 

B-O-, the liquidus point becomes a curve in the ternary diagram as shown 

in Figure 3 .   The experimental points in this diagram were determined by 

continuously monitoring the temperature of a solvent melt of known composi- 

tion, and noting the temperature at which the solvent became too viscous to 

pour.   The experiments were conducted in a muffle furnace, and once a 

reasonably low melting composition was found (such as 41 mole % BaO, 

41 mole % BgOg.  18 mole % BaF«), solubility determinations of YFeO„ 

were conducted in the same furnace.   Here, small crystals of YFeO„ were 

suspended by a platinum wire in the nearly saturated melt, held for several 

hours, removed and examined optically.   Either 

(1) the solution was unsaturated and the crystal melted or 

developed rounded corners, or 

(2) the solution was supersaturated and the crystal grew, as 

did a myriad of smaller crystals which nucleated both on 

the seed and on the platinum wire. 

The solubility curve obtained in this fashion is shown in Figure 4 .   The 

data can be fit to an equation of the form 

x  . x e-AH/RT (6) o 
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Figure 4.  Solubility Curve for YFeO   in 41  (Mole) % BaO, 

41% B^Og, 18 % BaF2. 
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where x    - 5.03 and AH   -   19,408 are assumed constant over a fairly wide 
o 

range of temperature. 

2.2.3.2.    Density of the Solvent 

The density of this solvent was determined with the aid of a recording 

electrobalance.   A furnace placed vertically under th» balance contains the 

saturated solvent, and a single crystal of YFeO   is suspended by a platinum 

wire from the balance.    The weight of the crystal in air is recorded as it 

hangs just above the melt, and then the furnace is raised so that the crystal 

is completely immersed in the solvent.   The buoyant force tends to reduce 

the apparent mass, but this is counteracted by a large downward force from 

surface tension effects on the Pt wire.   If the melt is not saturated, 

the crystal will change in weight, and this weight change is related to the 

density by the equation 

1 ps 
AM     =   AM     1  (7) 

s a D 

where        AM     =   change in apparent mass of the crystal in the solvent, 

AM     =   change in mass of the crystal in air, 

p     =   density of solvent, and 
9 

p     =   density of crystal. 

This method for density determination is particularly advantageous because 

the effect of surface tension is eliminated when only changes in th*» appa- 

rent mass are considered.   The density of the solvent calculated from the 
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weight change data is 4.75 i 0.2 gm/cc, comparable to the calculated denaity 

(4.95 gm/cc) based on a weighted average of the densitiea of all the compo- 

nents. 
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2.2.4. Steady-state crystal growth 

2.2.4. 1.      Apparatus 

Thert* were several important crystal growth requirement« which 

necessitated special apparatus design considerations.   It was necessary to be 

able to vary both the growth parameters and the operational procedures with 

a minimum of inconvenience. 

Probably the most important of the growth parameters is the 

thermal environment of the growth system.   The temperature must be con- 

stant with time, and its spatial distribution must be such that the seed crystaiis the 

coolest part of the system so that growth will be on the seed rather than in 

any other part of the system. 

Foaturrs of thr systrm include a) a stirring mochanism 

which enhances growth by promoting transport of crystal constituents to the 

seed; b) a means of changing the level of the seed during growth so that it is 

easy to grow   on  the seed for a specified length of time and c) a large liquid 

surface exposure which provides the capability of growing 

on a   large surface area seed.   These last two features are especially 

advantageous for epitaxial growth on a substrate.    Another feature of the 

apparatus is that crystals can be removed from the system at a rate slow 

enough to prevent cracking by thermal shock, which has been a serious 

(38) 
problem in the growth of garnet crystals. Finally, the design had to provide 

an apparatus that was reliable and gave reproducible results.   A schematic 

view of the system is shown in Figure   5     .   The furnace is a two-zone resistance 
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type with platinum - 40% rhodium windings and is capable of running continuously 

at 1540,C.   The power supply for the furnace is controlled by a closed loop 

control system containing a current-adjusting type controller in conjunction with 

a silicon controlled rectifier unit. 

Radiation shxelds and the solvent crucible are supported by alumina 

tubes which are terminated at the furnace ends by solid alumina plugs.   A check 

of the temperature stability showed it to be adequate (±0. 50C at ^OC^C) for 

crystal growth purposes. 

2.2.4.2.     Run Procecedure 

The Y20„, Fe_0-, and B-O. were the same as that described 

earlier (see Section 2.2.1.1).   The BaF9 used was 99. 9% pure with strontium 

being the only impurity present in any significant amount (200 ppm).   The BaO was 

obtained by thermal decomposition of BaCO_ which was 99. 999% pure.   The 

solvent materials were weighed out to give the composition indicated in Table Hi* 

A solution saturated with YFeO   was mixed and loaded into a 
«3 

platinum crucible.   YFeO   source material was dropped into the solution 
•5 

and a seed crystal was mounted on the end of a rod which could rotate the seed 

continuously in the solution. For all runs, the crystal was oriented so that the 

easy axis of magnetization was parallel to the axis of rotation. 

The crystal growth parameters are indicated in Table III. 
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TABLE III 

Growth Parameters for Seeded, Steady-State Growth Runs of YFeO . 

Run No.        Composition of Rota- 
Solvent Seed Temperature      tion      Run 

(mole percent)       Temperature    Gradient from    Rate    Time 
BaO B203BaF2 

0C Source to 
Seed, 0C/cm 

rpm hrs. 

SSI 53.4 35.6 11.1 1112 3.9 22 46 

SS2 53.4 35.6 11.1 1115 7.6 50 168 

SS3 53.4 35.6 11.1 1110 5.0 50 167 

SS4 53.4 35.6 11.1 1110 3.4 50 235 

SS5 42.6 41.0 16.4 1293 1.8 50 65 

SS6 42.6 41.0 16.4 1294 1.2 50 212 
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2.2.4. 3,      Results und diricussion of steady-state solution growth 

In i-ach ol' tlif runs listed in Table III, YFeO    was successfully 

grown onto the seed crystal with the exception of Run SS5,   in which a crystal 

nucleated and grew on the platinum tube. 

The first four runs can be discussed as a group.   Emission 

speetrographic analysis of three separate samples indicates barium incorporation 

of approximately 0.08 wt. "u.   The new growth in Run SS4 has the same orientation 

(determined by the direction of easy magnetization) as the seed,indicating that 

the new growth was epitaxial to the seed crystal.   The crystal growth,which 

measured 8 mm x 6 mm x 6 mm,  was sliced with a 0.005" wire saw, mounted 

onto a polishing block, polished to a smooth finish and microscopically examined. 

The examination showed that the crystal growth contained a number of voids, 

grain boundaries and twin planes. 

The crystal grown in Run SS5 measured 2 mm x 2,5 mm x 1 mm,and the 

easy axis of magnetization was normal to the flat side of the crystal.   The 

morphology of the crystal grown under this set of conditions was very much 

better than for the first four runs.   The approximate growth rate for SS5 was 

1.1 x 10    cm/sec as compared that of 4,7 x 10     cm/sec for run SS4. 

For run SS6, a stirring paddle was placed between the source and 

seed to assure homogeneity throughout the solution.   A very large amount of 

material was transported to the seed proving that indeed this could be accomplished, 

but apparently the rate of transport exceeded that for stable growth,resulting in 

the growth being polycrystalline.   Th*» morphology of the small crystals was good 

(as in run SS5) indicating that with the proppr crystal constitUAnt transport 

conditions, good quality YFi»0_ crystals can be grown by this technique. 
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3.0. CHARACTFRIZATION AND EVALUATION 

3.1. Chemical Analysed 

To determine the amount of impurities incorporatpd in the 

crystals grown in the BaO-based solvent as well as those from the PbO- 

based solvent, emission spectrographic analyses were performed on the 

crystals.   Table IV shows typical impurity levels found in YFeO   samples 

grown from the PbO-based solvent and the BaO-Based solvent.   To remove 

solvent inclusions, the samples were ground by mortar and pestle and 

soaked in a hot 20% HNO   solution for three hours.   The Ba content appears 

to be lower for crystals grown in BaO-based solvents than the Pb content of 

those grown in PbO-based solvents, although further clarification is necessary. 

TABLE IV 
Typical Impurity Levels Found in YFeO- Samples Grown from PbO- 

and BaO-Based Solvents. 
Sample from Sample from 

PbO-based solvent BaO-based solvent 

Pb 0.1-0.2 wt.%* 

Al < 2 ppm 

Ca < 2 ppm 

Si 4-5 ppm 

Sr < 10 ppm 

Ba 0.08 wt. % 

Al <  10 ppm 

Ca <  20 ppm 

Si ^200 ppm 

Sr < 400 ppm 

* 
Preliminary values prior to preparation of a suitable Pb standard for this 
analysis.   Values as high as 0.29 wt.% have also been reported in the 
m**>aftni»*   (40) literature. 
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A. 2. l.atticp t'araniptrr Uptornnnationa 

Clollor "      has mdicatod that there is a large (0,02 1) variation 

in lattKr pafarurtois ><t' thr« orthorhomhic unit cell of YFeO   samples pre- 

pared under dift'eront conditionö.    To investigate the possibility that there 

may be a systematic variation in lattice parameter, an effort has been made 

to accurately determine values for samples prepared under different 

conditions.    Lattice parameter considerations are also important in epitaxial 

growth experiments since lattice strain between old and new growth is related 

to th-» difference in lattice parameters.   X-ray powder diffraction patterns were 

taken using a l)ebye-Scherrer camera, copper Ka      radiation,and a thin sheet 

(0.003") of aluminum foil to reduce fogging of the film by flourescent scattering. 

To avoid introducing absorption error into the determination, only the high 

(41) angle lines were measured.    A computer program by Evans et.al. t was 

used to index the diffraction lines and compute least squares fitted lattice 

parameters.   A lew preliminary measurements confirm the discrepancies that 

Geller found.   Samples of YFeO   prepared by sintering mixtures of Y_0   and 

Ke ü   powders (see Section 2.2.2.)   differ in their lattice parameters 

(0.02-0.0r> A) from those prepared by the transient, PbO-based solution 

technique (see Section 2.2.1.2).   There are at least two possible reasons for this 

sort of variation to exist.   These are:   a) the substitution of solvent ions for the 

urns in the compound,  i.e.,  F    for O     and, b) oxygen deficiencies combined 

with reduction of Fe"    to Fe    .   The reasons for these discrepancies 

are rut apparent.   Since our preliminary measurements confirm Geller's 

original findings, this investigation will be extended. 
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3. 3. Neel Temperature Determination 

In the early stages of this investigation, a positive, non- 

destructive means of identifying whether the magnetic crystals obtained were 

YFeO   or some other compound, such as YIG or magnetoplumbite, was re- 

quired.   Accordingly, apparatus was spt up to dptermino thn N^pl point of tho 

crystals.   The apparatus consists of a Cahn Type RH automatic recording 

electro-microbalance, a solenoid, a furnace, a measuring thermocouple 

and a regulated dc power supply.   (See Figure 6 .)   The microbalance is 

sensitive to a change in mass of one mlcrogram and the solenoid produces 

a flux density of 12 gauss with a current of one ampere. 

The sample is suspended from the balance approximately 5mm 

above the level of the upper turn of the coil with the measuring thermocouple 

placed 2mm below the sample pan.   To carry out the determination, the 

temperature of the sample is raised at 3'C/min as the magnetic force on 

the sample is monitored by the balance.   At the Ne.i point there is a sharp 

decrease in the force pulling the sample down.   The Neel point of YFeO 

determined by this technique was found to be 3780C. which can be compared 

(42) 
to 372*C determined by Treves        from measurement of the magnetic 

moment.   This is within experimental error since the Neel point is a 

gradual transition. 
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3.4, Straight Magnetic Domain Wall Apparatus 

To evaluate platelets of YFeO„ with respect to their defect con- 

centration, apparatus was constructed which could readily reveal gross 

defects such as voids,  inclusions, and grain boundaries, and could provide 

a means of observing the movement of a straight magnetic domain wall 

through a platelet by means of the Faraday effect,   Thr apparatus is shown 

in Figure 7.   One of the magnets was inverted with rospoct to thp other to 

align the magnetic spits in one side of the crystal opposite to those in the 

other side, thus creating two domains separated by a mutual wall.   The magnetic 

flux through the crystal rould be varied by changing tho distance between the 

crystal and the magnets.   (Each of the magnets had a flux density of 2400 

gauss between its poles.)   Figure 8a snows a YFeO. platelet containing an 

unperturbed straight domain wall, and Figure 8b shows another in which the 

domain wall has been moved across a crystal defect (not visible), and has 

become "hung up" on the defect.   Yttrium orthoferrite platelets, grown from 

both the BaO-based solvent and a PbO-based solvent, have been compared by 

means of the straight domain wall apparatus.   For similar crystal platelets, 

relatively free of voids, grain boundaries, crystals grown from thr» UaO-basod 

solvent proved to be better than those from the PbO-based solvent, based on tho 

eaao with which a domain wall could be movod through tho crystal. 
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, li;un- 7. >tr..ic!.t M^nolu  Domain Wall Apparalu« 
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Future 8a.  Straight Magnetic 
Domain Wall in YKeO, 
30X 

Figure 8b. Defect Interaction with 
Magnetic Domain 
Wall in YFeO 

3' 
30X 
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3. 5. Generation and Observation of Bubbles 

3. 5. 1. Coercivity Mpasurements 

The ultimate test of the single crystal material is the ease with 

which magnetic "bubbles" can be created and moved through a platelet, and 

experiments have been initiated to generate these bubbles and to measure 

the coercivity of the material and the mobility of the domain walls.   Cylin- 

drical domains are stable in a bias field of ~20 gauss, which is provided 

with an external magnetic coil, and they can be generated from the serpentine 

domains shown in Figure 9 by means of a pulsed magnetic field caused by current 

pulses through a small conducting loop placed in contact with the platelet.   Any strip 

domains passing through this loop are cut and become cylindrical under the influence 

of the bias field.   The bubbles can be moved quite easily over the surface by applying 

a magnetic gradient.   An array of bubbles will align itself in a hexagonal pattern as 

shown in Figure 10.   The coercive force can be deduced from this array (neglecting 

(43) edge effects) with the aid of the relation 

S 8112 

where     H    = coercive force, 

4TrM   s saturation magnetization, 

r   = bubble radius, 
o 

h = thickness of the platelet, and 

H^ Sirr 3h 
C 0 (8) 

t      = distance between centers of an equilibrium array of bubbles. 
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Figure 9.   Serpentine Magnetic Domains in YFeO   (50X). 
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Figure 10.  Array of Cylindrical Magnetic Domains in YFeO 
ö 

Grown from BaO-B-O -BaF2 (Large Circle is the 

Bubble Generator).   3IX. 
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The coercive force determined in this fashion for a polished YFeO„ platelet 

grown in the barium-based solvent has been found to be ~0. 05 Oe, which is 

comparable to the best values reported for crystals grown from the PbO-based 

(44) 
flux after post growth annealing treatments,        and is well below thp maximum 

acceptable limit of ~0.5 Oe for bubble domain devices, 

(45) 
3.5.2. Mobility Measurements 

Domain wall mobility is related to the velocity of a magnetic domain 

wall under the influence of a magnetic field by the equation (neglecting coercive 

force contributions) 

V = /4B ^ 

where     V * wall velocity. 

M B mobility, and 

B = magnetic field strength. 

Let us consider a cylindrical domain of radius r   and apply two external 

magnetic fields, one a steady dc field and the other a pulsed field through 

the loop described in Section 3. 5. 1.   There are now four contributions to 

the magnetic field, B: 

B = the magnetic field created by the pulse of current 

through the loop; 

B      r d S! ^^6 applied dc magnetic field that maintains the bubble; 

B        = the average magnetostatic energy at the wall of the bubble; 

B » the equivalent magnetic field derived from the tendency 

of a magnetic domain wall to reduce its energy by reducing 

its area. 
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B is given by 
Seil 

B     .* H M . — 
self      o        v 

2r 
"Yl + (2ro/h)2    fif fl + (h/2rj2 

-1 
(10) 

where     E » the complete elliptic integral of the second kind. 

M    » 4ff  x 10    , 
o 

M s magnetization, and 

h » thickness of the platelet. 

Bwall is given by 

B 
M Ml 

o 
wall     2r M       2r 

o o 
(11) 

where     a B domain wall energy/unit area 
* 

I - characteristic length of the material - a In M' 
o 

The velocity now becomes 

-dr 
V = 

dt 
= M(B     .      +B      ..   , - B    ,   +B        ). 

pulse       applied       self       wall (12) 

which can be rearranged to give 

■dr 
Mdt  = B    .    +   B       ..   . - B    ..+ B     .. 

pulse       applied       self       wall 
(13) 

Integrating, and assuming that B is applied just long enough 

to collapse the bubble, we get 

-dr 
/xAt = 

L   pulse       applied       self       wall] 
(14) 
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where r   = the radius of the bubble at collapse, 
c 

Using the parameter x ■ 2r  /h, we obtain from Eqs. 10,11, and 14 

2r /h   - (15, 

MAt 

2r  /h 
c 

dx 
2M M     B    ,      + B 

o pulse       applied 
H M 

o -M-^^'H] 
All the quantities on the right hand side of this equation are experi- 

mentally measurable, as is At, the duration of the pulse, and the equation can 

be evaluated numerically for n. 

Thp mobility has bpen measurpd by this technique for a polished (but 

otherwise untreated) YFeO-platelet grown from the BaO-B203-BaF2 solvent, 

and has been fou.id to be 2065 cm/sec Oe, which is again comparable to the best 

(44) 
values reported for crystals grown from the PbO-based solvent. 

3.6. X-Ray Topographic Studies 

Lang topographs have proven very useful for investigating the inter- 

action between crystal defects and magnetic domains        as well as to reveal 

certain types of defects which are optically invisible, such as dislocations. 

Figures 11a, b show a portion ot a YFeO   platelet (flat surface perpendicular to 

the c-axis) as seen in optical transmission and by Lang topographic techniques. 

The specimen was 0.04 mm thick, and thp X-ray topograph wa? taken with Mo 

radiation (50 kV, 25 ma), and was exposed for 18 hours.   A number of dislocations 

can be seen in the left half on the crystal as well as along the upppr edge.   The 

black spots in the right lower center in Figure lib appear to bp either precipitates 
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or inclusions, or possibly dislocations)which are not visible under optical 

microscopy.   Further studies are needed to determine the exact nature of these 

defects and their interaction with the domains.   Portions of the crystal, such as 

the upper right portion in Figure 11 appear to be quite defect-free. 
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Figure 11a.  Transmission Picture of Portion of YFeOg Platelet (100X). 

Figure Hb.   Lang Topograph of Same Area as Figure 11a, (100X). 
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4.0. PROCESS TECHNOLOGY 

4. 1. Cutting and Surface Preparation 

Single crystals obtained from the growth process are oriented 

by use of a magnetic field so that they can be sliced into wafers perpendicular 

to the direction of easy magnetization (the c-axis).   All cutting is done with 

a wire saw to produce slices, which are then mounted in plastic and lapped 

with 3 micron alumina, followed with 1 micron alumina to remove the 3 micron 

damage.   Final polishing is done with Siton, a colloidal dispersion of SiO» 

in a basic medium, which removes essentially all surface damage.   This 

process is repeated for the other side of the slice to produce a polished 

platelet of the desired thickness. 

The extent of mechanical surface damage can be determined at 

each stage of the process by Laue back reflection x-ray patterns.   Lattice 

distortions appear as smeared spots in these pictures.   Figures 12a, b, c, 

show Laue patterns for the as-grown crystal, the as-cut slice from this 

crystal, and the same surface after the Siton polish, which restores the 

surface to its original undistorted condition, as far as can be determined 

from the Laue patterns. 
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Figure 12a.   As Grown 
Crystal YFeOg. 

Figure 12b.   As Cut crystal 

Figure 12c.  Crystal After Polishing 
(Apparent Grains are a Film Artifact). 
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4.2. Chemical Ktching 

Moth a selective and a nonselective etchant are required 

for characterization and evaluation of the orthoferrites.   A nonselective 

etchant {chemical polishing agent) is needed to produce polished surfaces free 

of mechanical damage which occurs on handling and while slicing the crystals 

during processing.   Once a platelet has been chemically polished,a selective 

etchant can be used to etch "grown-in" crystal defects such as grain boundaries 

(47) and dislocations.    Belt has indicated that Y_Fe-Oir., which is considered 
6       D     1<5 

to be similar to YFeO^can be either selectively or nonselectively etched 

with H PO   at 100-200,,C for 10-45 minutps.   Kurtzig        has found H„PO. at 

-w  160oC to bp pffpctive in romoving surface damage from YFeO„# but did not 

find a proppr chemical polish. 

To pvaluatp phosphoric acid as an ptchant for YFPO_, 85% H PO, 

was hpatf»d to various trrnperaturps {100-442oC) in a platinum cruciblp.and after 

10-30 minutps at tomprraturp to allow thp acid to comp to pquilibrium thp 

ptching was pprformpd.   Equilibrium was especially important at temperatures 

(49) 
above 2130C since the H3PO   loses HO at this temperature to form H.P-O-. 

It has bppn found that at tpmperatures of 160-1 VO'C diblocation etch pits are 

formed in approximatply 30 minutos, and at 400oC chemical polishing in completed 

in ~1.5 minutes.   The chpmical ptching procpdure is in agreement with Belt 

and Kurtzig, excppt that Kurtzig reports a rpmoval rate of 1 micron per minute, 

whorpas WP find a rpmoval ratp of ^,0.04 micron ppr isiinute for the {00ljplane. 

In addition, a vpry pffpctivp chpmical polishing procedure has bppn found at the 

highpr tpmppraturr. 
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5.0. CONCLUSIONS 

It is appropriate at this point to evaluate the work performed 

during the first six months of this project in the light of other competing 

techniques and materials for the fabrication of magnetic bubble devices. 

It is especially pertinent to evaluate the potential that this particular 

avenue of investigation offers for minimizing the pffort devoted to the 

final selection of material and method of fabrication for such dpvicps. 

We have thus far demonstrated the feasibility of controlled solution 

growth of high quality YFeO   crystals in a novel solvent that is superior in 
«5 

several respects to conventional solvents.   The merits of the   BaO-B-O -BaF, 

solvent have been contrasted with the problems associated with the PbO-based 

solvents in the body of this report, and need no further elucidation here. 

Let us rather concentrate on the possibilities that further development of 

this solvent offers.   Perhaps the most important is the evaluation of liquid 

phase epitaxy as a practical growth technique for magnetic rare earth 

compounds. Heretofor, investigations have been hampered by the corrosive 

and volatile nature of the PbO-based solvents, and by the tendency of these 

solvents to attack the substrate. The BaO-based solvent should at least 

alleviate if not obviate these problems in order to permit *he mor^ fundamental 

problems of epitaxial growth to be studied. 

Why is steady-state liquid phase epitaxial growth to be preferred 

over various other techniques for the growth of bubble materials which 

have been reported recently, such as Bridgman growth from the melt 
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id thn floiting 7.oi\o tochniquo?    Thoso mothods pprmit thp  rapid 

'owth ot lar^f sound crystals of Yb>ü , but thp crystals arp of the 
«3 

rong goomptry for dovicp USP ( rrquiring  thin platelets normal to the c-axis), 

nd a grpat dpal of procossing is npcossary to produce polished thin   platelets 

f the proper orirntation. 

Perhaps a more important consideration is that it is very difficult to 

ontrol thp homogeneity of complex crystals, such as the mixed cation garnets, 

iy these melt techniques.   In addition, thp bubble garnets are needed in 

hicknpssps of thp order of a few micron^ and it is extremely difficult to 

:ut and polish or pven handlp these materials when they are of this thickness. 

Solution growth offers the advantage of being able to precisely control 

lomogeneity in a mixed cation crystal, particularly if the growth is isothermal 

as in the steady-state technique.   Even though growth rates are orders of 

magnitude slower than those for melt growth, control of geometry in solution 

growth obviates the need for extensive processing which consumes time and 

wastes material.   The combination of steady-state solution growth with our 

stable solvent should shorten the path toward the optimum crystal growth 

process, which appears to be liquid phase epitaxy. 

We turn now to the choice of material for bubble devices.   At present 

the uniaxial garnets appear to be the most promising, but the origin of their 

uniaxiality is unknown, and may in fact, be induced by their nonisothermal 

mode of crystal growth.   One feature of the steady-state growth technique 

developed here is its usefulness over a wide range of temperature (850-> 1400,C) 
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without change in the stability of the solvent or equipment.   This permits 

critical questions to be examined about the nature of uniaxiality in the 

garnets.   For example, can uniaxial garnets be grown   by a steady-state 

technique.either above or below 1200oC (the point at which garnets appear to 

lose uniaxiality), or is slow cooling a necossary requirement?   If it is, 

of course, the uniaxiality would not be an intrinsic property of the crystal, 

lessening   the attractiveness  of the garnets for device use.   While this 

question is being resolved, the development of growth techniques should 

logically be restricted to materials which are fairly well characterized, 

such as YFeO.. 

In conclusion, the steady-state solution growth technique, at this 

time, offers the broadest possible base for exploring solution growth, both 

homoepitaxial and heteroepitaxial, of both garnets and orthoferrites, and 

thus may offer the shortest path to eventual device fabrication. 
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6.0. FUTURE  PLANS 

1. The properties of the barium-based solvents will be 

explored further, including BaO-BgO- with additions of BaF» and other 

barium halides.    Properties to be measured include phase equilibria, 

density and solvent power of these solvents,  as well as their propensity 

for the growth of high quality crystals. 

2. Crystal growth parameters in the steady-state system 

will be varied in an effort to better understand and optimize the growth 

process.    The parameters to be investigated are the solvent composition, 

the interface temperature, temperature gradient at the interface, stirring 

rate in the liquid,  and the source to seed distance. 

3. Epitaxial growth of YFeO_ on large areas will be 

attempted using YAIO   substrates. 

4. Characterization of the single crystals will receive more 

emphasis as additional crystals become available.   The characterization 

studies will include etch pit studies, measurement of bubble domain 

coercivity and mobility, light and dark field transmission microscopy to 

determine the nature of defects,  Lang topography tc observe dislocations 

and other optically invisible defects, emission spectrographic analysis to 

determine the amount of barium incorporation in the lattice, and careful 

measurements of optical absorption spectra of the polished platelets, 

(51) which can be used to deduce the presence of solvent ions in the crystal.    ' 
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Precise characterization will permit spnsiblp adjustment of crystal growth 

parameters to optimize the system.   Annealing studies will bp carried out to 

(52) clarify recent work*' on the enhancement of coercivity and mobility of YFeO 

by a 1000-1200oC anneal. 

5.       In addition to YFeO„, thp growth of other magnetic bubble 

materials, such as the mixed garnets, will be attempted in the steady-state unit. 
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APPENDIX 

7.0. Phase Relations in PbO-Based Solvents 

Existing literature data for crystal growth in this system 

allow several conclusions to be drawn.   The solvent has been different in 

many cases and most often has been a mixture of PbO-PbF  -B O . 

Garnets have most often been grovn from this solvent.    YIG is incoa- 

gruently melting and its phase field in the "pseudo-ternary" system 

(FeO-YO -solvent) lies close to the Fe.O  -solvent join,  quite far 

removed from the YIG-solvent join.    This is not the case with the con- 

gruently melting YFeO ,  and its stability regime includes the YFeO-- 

solvent join.    In fact, the YFeO,-solvent system can probably be treated 

as a quasibinary for all the solvent mixtures of interest.   This implies 

that the maximum liquidus temperature and minimum liquidus slope for 

the YFeO, phase field lies along the YFeO,-solvent join, that there is 

probably a quasi-eutectic reaction close to the solvent apex of the com- 

position triangle and that the slope of the liquidus surface is a minimum 

along this join. 

Fe O  -Y O  -PbO is the simplest ternary, and has been 

(53) partially   nvestigated by Nielsen and Dearborn . The estimated 

liquidus projection /or this system is shown in Figure 13.   The isotherms 

are known at the PbO-Fe-O, and tt' 0„-YFeO_ binary joins and are 

estimated along the third side of the composition triangle (by analogy 
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with PbO -      L81,^.  Sm203' Gd203 )-^      In Edition,  Nielsen and 

Dearborn '    ' data for the liquidus projection in the region close to the 

Fe O  -PbO binary are used.    Temperatures along the YFeO  -PbO 

quasibinary join can be estimated from the equation 

AH/RT x = x e , o 

where x = mole fraction YFeO„, 

(16) 

x   and ^H are constants assumed independent of o 

temperature over a fairly wide range, 

R - gas constant,  and 

T = absolute temperature. 

An expression of this type is commonly used to represent liquidus curves 

in binary compound systems, and it is assumed that when the compound 

dissolves in the melt it dissociates completely.   Since x = 1 at T = 1670oC, 

and we can assume a eutectic at x~ 0. 05,  T ~ GCX^C (the exact position is 

not too important), the constants are fixed at x   =100 at.  fr. and All - o 

18,000 cal/mole. Equation 15 can now be used to generate liquidus points 

along the quasi-binary which lead to the isotherms shown in Figure 13. 

The qualitative liquidus surface agrees with all existing crystal growth 

data for the Fe O -Y O -PbO system. An analogous liquidus projection 

(Figure 14) can be drawn for the Fe O -Y O -PbO/PbF /B O. system 

with the added complication of a YOF phase which often appears during 

crystal growth of YFeO-. 
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